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Quantification of interstitial chronic renal damage by means of texture
analysis. There is a relationship between chronic renal damage and renal
function at the time of biopsy. Since the quantification of interstitial
lesions with morphometric techniques is very time consuming, a fully
automatic method to quantify chronic damage is desirable. Progression of
chronic renal damage could be viewed as a texture modification of
tubulointerstitial structures. The aim of the present work is to study
whether chronic renal damage could be automatically measured by means
of texture analysis based on mathematical morphology. Among the
morphological tools the best suited for our purpose is that of granulom-
etry. Between four and six fields from 35 renal biopsies with different
degrees of renal damage were stained with Sirius red and digitized under
polarized light. In each field granulometric function with a circular
structuring element was obtained. Interstitial volume fraction was mea-
sured with a point counting technique. Glomerular filtration rate at the
time of biopsy was available in each case. A positive relationship between
granulometric function and glotnerular filtration rate was observed (r2 =
0.85). The determination coefficient between interstitial volume fraction and
renal function was (r2 = 0.54). In conclusion, we describe a fully automatic
method that precisely quantifies interstitial chronic renal damage.
Progression of tubulointerstitial chronic renal damage is char-
acterized by interstitial fibrosis, tubular atrophy and a decrease in
the number of peritubular capillary cross sections [1, 2]. Different
morphometric approaches have been used to quantify interstitial
chronic renal damage [3—5]. All these methods are time consum-
ing and depend, to a certain extent, on the skills of the observer.
Image analysis could be an alternative way to automatically
quantify chronic renal damage.
There are several techniques in image analysis, based on
different mathematical theories, that can be applied to obtain a
quantitative description of an image. Consequently, image analy-
sis allows the study of the relationship between the structural
characteristics of an object and any other of its properties. We
studied the relationship between interstitial chronic renal damage
and renal function.
A digitized image is made of picture elements or pixels. A grey
tone image could be represented as a topography; this means a
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three dimensional discrete function where the "x" and "y" axes
define the pixel position in the plane and the "z" axis represents
its brightness or grey level intensity [6]. A possible approach to
extract information from an image is to segment it; this implies the
classification of pixels into two groups. Segmentation can be easily
done when the features of interest have a grey tone level that is
completely different from the background. In this case, a simple
brightness threshold will separate the features of interest from the
rest of the image. Unfortunately, in the majority of biomedical
images there is always some overlap between the brightness of the
features of interest and the background of the image. Even if
segmentation of the features of interest is possible, the informa-
tion contained in brightness distribution will be necessarily lost.
Textural analysis allows the quantitative description of the size,
form and brightness distribution of the particles contained in an
image as well as their spatial orientation. According to this
definition, tubulointerstitial structures could be viewed as a
texture. Textural characteristics of renal tubulointerstitial struc-
tures will depend on the technique employed to stain renal tissue
as well as on the degree of renal damage. In renal biopsies stained
with Sirius red and observed under polarized light [7], tubular and
capillary membranes are stained in a deep red color, interstitial
space appears as a fine red granularity, and tubular lumens appear
as black holes. No other renal structures are seen. Size, form and
brightness distribution of interstitial particles as well as size and
form of tubular lumens vary according to the degree of chronic
renal damage.
In the following, we approach the quantitative description of
renal interstitial chronic damage in a textural manner. This
method has the advantage of avoiding the segmentation of
tubulointerstitial structures as a previous step to quantify the
features of interest. The best suited method for this purpose is
that of grey level granulometry based on the principles of math-
ematical morphology, since this method quantifies interstitial
particles according to their size, form and brightness distribution
[8]. The notion of granulometry was introduced by Matheron in
1967 [9] and was thoroughly developed by him for the set case
[10]. The extension to grey tone functions was made by Serra in
1982 [8].
The aim of the present work is to study whether renal intersti-
tial chronic damage could be automatically measured by means of
texture analysis.
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Fig. 1. A one dimensional signal and its opening
version obtained with a segmental structuring ele-
ment "B" of increasing size: lB. 2B and 3B. The
area under the signal decreases as the size of the
structuring element increases. Grey striped areas
correspond to the removed area at each step
of the granulometiy.
Morphological approach
In mathematical morphology an image is analyzed by means of
structuring elements. A structuring element is a geometric object
that interacts with the studied image and transforms it into
another image. The size and form of the structuring element are
chosen by the observer according to the characteristics of the
image to study. If there is no anisotropy in the image, an isotropic
structuring element will be the best suited to study particle size,
form and brightness distribution.
The simplest example of grey level granulometry is the case of
the one dimensional signal "f', where the "x" axis represents the
time and the "y" axis the intensity (Fig. 1). If the zone under the
curve is swept by a structuring element B (that is, a horizontal
segment of length 1 that we will term "1B"), and the segment is
forced to remain below the curve, there are parts of the zone that
are too narrow to be reached by the segment. If these narrow
peaks of the one dimensional function "f" are removed, a new
function "f o 1B" is delineated (Fig. 1). This operation is called
the opening version of size "1B" of the original signal "f." Notice
that the area of "f o 1B" is lower than the area of the original
signal "f' (Fig. 1).
This process can be iterated with horizontal segments of
increasing size "1B," "2B," "3B," . . ., "nB." As the size of the
structuring element increases, the area of the opening version of
the original signal decreases, and consequently the area of the
removed peaks increases (Fig. 1). Consideration of how the
removed area of the original signal varies between successive
openings must be made. The granulometric spectrum of a one
dimensional signal is defined as the relative removed area by a
family of openings performed with structuring elements of in-
creasing size. If "f' stands for the initial image, "f o nB" stands for
its opening version obtained with a segment B of size n, and if
"a(f)" and "a(f o nB)" stand for the corresponding areas, then the
granulometric spectrum of "f," G(n) is defined as:
Gt(n) = a(fonB) — a{fo(n + 1)B}/a(t)
In a two-dimensional digitized image the procedure is basically
the same. Instead of the time axis we now have the two-
dimensional space where the image is defined. Instead of the
previous intensity, we now have the scale of grey tones, and for
replacing the segment structuring element, we use a horizontal
disc B of radius "r1." Then, the opening of size "r1" of an image
is provided by another image in which the fine and clear details of
the original image have been removed, whereas the dark ones
remain. Now, when we perform the same operation but with a disc
B of a larger radius "r2," the reducing effect is more intense (Fig.
2). Again, this suggests consideration of the difference between
the two successive openings by "r2" and by "r1." In order to obtain
measurements, the volume instead of the area (that is, the
addition of the grey tones for all the pixels) of the successive
openings is calculated. If "f' stands for the initial image, "f o nB"
for its opening by a disc nB of size n, and if "v(f)" and "v(f o
stand for the corresponding volumes, then the ratio
G(n) = v(fon13) — v[fo (n + 1)B1/v(f)
which has the statistical meaning of a probability density, is said to
be the granulometric spectrum of "f." Notice that with this
formula each transformation is normalized by the volume of the
original image, so that the brightness of the original image does
not influence the value of the granulometric function [8].
Methods
Biopsies
We retrospectively reviewed 211 biopsies performed in native
kidneys between January 1989 and May 1993 in our center.
Biopsies diagnosed of chronic evolutive nephropathy that con-
tained more than five glomeruli were considered. Only cases in
which 51Cr-EDTA was available between four weeks before and
four weeks after biopsy were included in the present study.
Finally, 35 renal biopsies from 23 males and 12 females of 43
14 years old were studied. Histologic diagnoses were: minimal
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Fig. 2. An optically nonnal renal biopsy (A) and an IgA nephropathy with
severe interstitial chronic lesions (B) stained with picroSirius red F3BA and
digitized under polarized light. Below it is represented in each case the
negative of the original image and the opening versions of size 1, 2 and 4.
Notice that in the optically normal kidney (A) few modifications appear
while in the case with severe interstitial lesions (B), the opening versions
of the original image show important modifications.
Biopsies were formalin fixed, embedded in paraffin, serially
sectioned at approximately 4 .tm thick and stained with picro
Sirius red F3BA. Sirius red stains connective fibers in a deep red
color while cytoplasmatic structures are yellow. Under polarized
light, only connective structures are seen [7]. In renal biopsies
stained with Sirius red and observed under polarized light, the
interstitial space appears as a fine red granularity and tubules
appear as black holes, so that the information about tubular size
distribution and tubular shape is contained in the image.
In each patient the glomerular filtration rate (GFR) was
determined at the time of biopsy with 51Cr EDTA [11], and the
result was expressed as mllminll.73 m2.
Image acquisition
Six fields of cortical interstitium in 30 biopsies, 5 fields in 2
biopsies and 4 fields in 3 biopsies were acquired at 200X
magnification under polarized light with a Sony CCIR 625 camera
adapted to a Zeiss Axiomos/Axiotron microscope. Fields were
chosen starting at the left top corner of the section and a
serpentine way through the cortex was followed. Fields in which
glomeruli or large vessels appeared were not considered. Images
were digitized at 256 x 256 pixels on a rectangular raster and 256
grey tone levels.
Image processing
After digitization, the interstitial space appears as a light grey
granularity and tubules as dark grey holes (Fig. 2). Granulometty
by grey tone openings firstly analyzes the information contained in
the dark areas of the image. For this reason, the negative of the
digitized image (Fig. 2) was stored in a hard disk and was later
processed.
ViLi software [12] installed in a SUN SPARC station was used
to obtain the granulometric function of each field. First, a circular
structuring element B of size = 1, was employed to perform the
family of openings, from N = 1 to N = 60 (of, 02, ..., o). The
volume of each transformed image was obtained. To simplify the
granulometric spectrum of the image, the same procedure was
repeated with a structuring element of size B = 6, from N = 1 to
N = 10 (o, 02, ..., The last opening (o or o) quantified
the remaining volume of the original image not analyzed in the
previous steps.
The granulometric function of each biopsy was obtained as the
arithmetical mean of the granulometric functions of its fields.
Morphometiy
A point counting technique was employed to measure intersti-
tial volume fraction in the 202 microscopic fields studied.
A graticule of 144 points was added to each digitized field and the
number of points that intersected interstitial space was counted
change disease (8 cases), IgA nephropathy (12 cases), focal directly on the screen. Points that intersected tubular basal
segmental sclerosis (7 cases), membranous nephropathy (6 cases), membranes were considered as interstitial points. Vvh1 was
nephroangiosclerosis (1 case), and diabetic nephropathy (1 case). calculated as: (number of points intersecting interstitium/total
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number of grid intersections) x 100. The mean V\,1,,- SEM
were calculated in each biopsy. In all cases, the SEM was lower than
5%.
Statistics
Linear regression analysis was employed to study the relation-
ship between and GFR.
Granulometry describes the textural characteristics of renal
interstitium with a nonlinear discrete function. The aim of the
analysis employed is to transform this function that has no direct
interpretation into a parameter that can be easily understood and
consequently applied in clinical practice.
In order to know which variables from the granulometric
function contain relevant information to predict isotopic GFR,
step-wise regression analysis was employed (F to enter > 4, P <
0.05). The variables entered into the equation were considered to
be the only significant predictive variables, and the variables not
entered into the equation were not further considered. Residual
analysis was performed to validate the statistical model.
Since granulometric function obtained with a structuring ele-
ment of size B = 1 and B = 6 contain 60 and 10 variables,
respectively, it should be expected that more than one variable
will be included into the model. The description of chronic renal
damage with more than one parameter still has no direct inter-
pretation. For this reason we transformed the variables that
independently predict GFR into a single parameter: estimated
GFR by means of granulometric function in each biopsy.
For this purpose, multiple linear regression analysis was per-
formed with all but one case and the linear equation obtained,
y = a0 + a1x1 + a2x2 + ... + ax + e, was employed to estimate
the GFR in the remaining case. This process was repeated for all
the cases, so that for any patient an estimated GFR by means of
the granulometric function was obtained.
Finally, a simple linear regression analysis was employed to
study the relationship between isotopic GFR and estimated GFR
by means of granulometric function.
To compare the accuracy of granulometric function and VVIre,T
in predicting isotopic GFR, we also transformed V\/T into an
estimated GFR by means of In this case, linear regression
analysis between V\tj and isotopic GFR was performed with all
but one case, and the linear equation obtained, y = ax + b + e,
was employed to estimate the GFR in the remaining case. This
process was repeated for all the cases, so that for any patient an
estimated GFR by means of V\,I,/T was calculated.
Once again, a simple linear regression analysis was employed to
study the relationship between isotopic GFR and estimated GFR
by means of Vvjffi/T.
This procedure has the advantage that transforms two com-
pletely different measures of chronic renal damage, V\,T and
granulometric function, into the same parameter: estimated GFR,
This transformation is crucial to know which of these two mea-
surements, granulometric function or better predicts
isotopic GFR.
Since the slope of both simple regression analyses was not
different (Student's i-test), analysis of variance of the residuals
(Snedecor test) was performed to evaluate whether estimated
GFR by means of granulometric function better predicts isotopic
GFR than estimated GFR by means of Vv/T.
Finally, the relationship between Vvj,T and granulometric
function was studied with step-wise regression analysis (F to enter
>4, P < 0.05).
Results
(ranulomettic function
The granulometric functions varied according to the degree of
interstitial damage, but this variability was only obvious in some
domains of the function (Fig. 3).
The granulometric function was separated into three different
zones. In the initial steps, approximately between the openings 1
and 10 information about the fine granularity of the interstitial
space was obtained, between openings 11 and 30 the tubular
shape and tubular size distribution was analyzed, and from
openings 30 to 60, information about the very dilated tubules was
obtained.
Relationship between the granulometric function and isotopic GFR
To know which discrete variables from the granulometric
function contain relevant information to predict isotopic GFR,
step-wise regression analysis was performed. When the granulo-
metric function was calculated with a structuring element of size
1, variables entered into the equation were 04, 020, 049, 050 and 057
(r2 = 0.85, P = 0.0001; Table 1). When the granulometric function
was calculated with a structuring element of size 6, variables
entered into the equation were 01, 04, 09 (r2 = 0.66, P = 0.0001;
Table 2).
The relationship between estimated GFR by means of granu-
lometric function with a structuring element of size 1 and isotopic
GFR was (r2 = 0.77, P = 0.0001). The relationship between
estimated GFR by means of granulometric function with a
structuring element of size 6 and isotopic GFR was (r2 = 0,57,
P = 0.0001; Fig. 4).
Relationship between and isotopic GFR
The determination coefficient between V\firn,. and isotopic
GFR was (r2 = 0.54, P = 0.0001), and determination coefficient
between estimated GFR by means of and isotopic GFR
was (r2 = 0.49, P = 0.0001; Fig. 4).
Prediction of isotopic GFR
The slope of the regression line between estimated GFR by
means of granulometric function and isotopic GFR was not
different from the slope of the regression line between estimated
GFR by means of and isotopic GFR (Fig, 4), but the
variance of residuals in both regression models was significantly
different (s2 = 278, s2 = 622, P = 0.01).
Relationship between and granulometric function
There was a positive relationship between Vvnt,-r and granulo-
metric function performed with a structuring element B of size 1
(r2 = 0.80, P = 0.0001), and the predictive variables were 05 and
There was also a positive relationship between V\f)T and
granulometric function performed with a structuring element B of
size 6 (r2 = 0.73,P = 0.0001), and the predictive variables were 01
and 04.
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In the present study we describe a fuiiy automatic and precise
method to quantify interstitial chronic renal damage based on
textural analysis.
In clinical practice, renal damage is measured with a semiquan-
titative scale usually graded from 0 to 3+. The use of ordinal
scales implies an important loss of information. Different mor-
phometric methods have been described to quantify interstitial
Openings r2 r2
04 0.42
04 + 020 0.62 0.20
04 + 020 + O5 0.71 0.09
04 + 020 + 05 + 057 0.82 0.09
04 + O + + 057 + 049 0.85 0.03
Openings r2 r2
01 0.40
01 + 04 0.60 0,2
01 + 04 ÷ 09 0.66 0.06
chronic damage. Quantification of by means of a point
counting technique is the most common method [3—5]. It has been
shown that the degree of interstitial fibrosis and correlate
with the GFR at the time of biopsy and with the prognosis of
different forms of renal disease [13, 14]. Moreover, the degree of
interstitial chronic damage or V\,,'r in donor biopsies correlates
with the incidence of post-transplant acute tubular necrosis as well
as with the evolution of renal function after transplantation [15,
16].
Progression of interstitial chronic damage is characterized by
interstitial space widening, tubular atrophy and a decrease in the
number of peritubular capillary cross sections [1, 5, 17]. Morpho-
metric methods study these lesions separately, and this approach
necessarily implies a loss of information. All morphometric meth-
ods are very time consuming and require trained personnel.
Quantitative information of renal damage will be available in
clinical practice only when a fully automatic procedure to quantify
renal lesions is developed. Theoretically, there are different
approaches based on image analysis to automatically quantify
interstitial chronic renal damage. Segmentation of tubulointersti-
tial structures is one possibility but it has major limitations. The
majority of dyes employed to stain renal tissue show some overlap
between the grey tone level of interstitial and tubular structures.
Even if this problem is solved, the transformation of a grey tone
image into a binary image implies a loss of information.
For this reason we have studied tubulointerstitial chronic
damage by means of grey level granulometry. This method avoids
the segmentation of renal structures, and permits the simulta-
neous analysis of interstitial space widening, tubular atrophy and
the decrease in the number of peritubular capillary cross sections.
Grey level granulometry describes the information contained in
the image with a discrete function, and not with a parameter. Only
some variables of the granulometric function contain relevant
information to predict the isotopic GFR. This result is explained
by the existence of multicolineality between many neighbor
variables of the granulometry. In other words, neighbor variables
Table 1. Step-wise regression analysis between grey level granulometry
performed with a structuring element B of size 1 and isotopic GFR
(F to enter >4, P < 0.05)
0.09 B
0 6 12 18 24 30 36 42 48 54 60
nB
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
Significant predictive variables from the granulometric function and
their determination coefficients.
Table 2. Step wise regression analysis between grey level granulometry
performed with a structuring element B of size 6 and isotopic GFR
(F to enter >4, P < 0.05)
06
Significant predictive variables from the granulometric function and
their determination coefficients.
I I
12 18 24 30 36 42 48 54 60
C
nB
0.09
0.08
0.07
0.06
0 0.050.04
0 6 12 18 24
nB
Fig. 3. Granulometric function obtained with a circular structuring element
of size B = 1, from O1to o of three biopsies with different degrees of chronic
renal damage. The glomerular filtration rate was A = 90, B = 51, C = 21
ml/minhl,73 m2. The "x" axis represents the size of the structuring element
(nB) and the "y" axis represents the normalized volume removed by each
opening [Gf(n)].
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Fig. 4. Relationship between isotopic GFR and estimated GFR by means of
the three different methods described: (a.) granulomet,y with a structuring
element of size B = 1, (b.) granulomety with a structuring element of size B
= 6, (c.) interstitial volume fraction (Vfl,,T). In each case dotted lines
represent the 95% confidence bands for the true mean of "Y."
are describing similar aspects of the image. With the granulomet-
nc function from °1 to o, five variables were entered into the
model. To check if the multicolineality problem could be reduced,
a simplified granulometric function was performed. In this case,
three variables were entered into the equation. Interestingly, the
relevant information about GFR was contained in the same
domains of both functions but the prediction of GFR was better
with the granulometric function from 01 to 060.
Since V\T/T and granulometry are two completely different
measures of interstitial chronic damage, both measures were
transformed into the same parameter: estimated GFR.
Estimation of isotopic GFR by means of granulometry was
more accurate than the estimation of GFR obtained by means of
interstitial This result implies that the relationship be-
tween tubulointerstitial chronic renal damage and renal function
is closer than has been previously described [4, 5, 13].
In summary, we describe a completely automatic method based
on mathematical morphology that quickly and precisely quantifies
renal tubulointerstitial chronic damage.
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